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Low-loss cavities are important in building high-coherence superconducting quantum computers.
Generating high quality joints between parts is crucial to the realization of a scalable quantum
computer using the circuit quantum electrodynamics (cQED) framework. In this paper, we adapt the
technique of indium bump bonding to the cQED architecture to realize high quality superconducting
microwave joints between chips. We use this technique to fabricate compact superconducting cavities
in the multilayer microwave integrated quantum circuits (MMIQC) architecture and achieve single
photon quality factor over 300 million or single-photon lifetimes approaching 5 ms. To quantify the
performance of the resulting seam, we fabricate microwave stripline resonators in multiple sections
connected by different numbers of bonds, resulting in a wide range of seam admittances. The
measured quality factors combined with the designed seam admittances allow us to bound the
conductance of the seam at gseam ≥ 2× 1010/(Ωm). Such a conductance should enable construction
of micromachined superconducting cavities with quality factor of at least a billion. These results
demonstrate the capability to construct very high quality microwave structures within the MMIQC
architecture.
I. INTRODUCTION
Circuit quantum electrodynamics (cQED) is one of the
most promising platforms for quantum computation. Co-
herence times have been dramatically improved in the
past decade [1]. Additionally, circuits with dozens of
qubits have been realized and used to demonstrate many
interesting results, such as molecular simulations [2–4],
condensed matter simulations [5], and proof-of-principle
quantum supremacy calculations [6]. However, further
scaling up the number of circuit components while main-
taining or even improving their coherence is very chal-
lenging.
In the past several years, techniques from the MEMS
industry have been applied to the cQED platform to con-
struct multilayer microwave integrated quantum circuits
(MMIQC) [7]. Tremendous progress has been achieved in
3D integration of quantum circuit elements while main-
taining their coherence [8–11]. Micromachined supercon-
ducting cavities can be highly useful in the MMIQC ar-
chitecture. Such structures can serve as long-lived quan-
tum memories or as enclosures to suppress radiation loss
to the environment and crosstalk between quantum cir-
cuit elements. A crucial requirement for constructing
high quality micromachined superconducting cavities is
the fabrication of high quality microwave joints between
layers of the MMIQC [10]. The loss associated with joints
significantly limits the choice of geometry and materials
of the superconducting cavity, as well as the layout of
quantum circuits. To maintain the performance of super-
conducting cavities without sacrificing design flexibility,
reducing the loss associated with the joints is critically
important.
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In this work, we adapt indium bump bonding to the
cQED architecture. Using this technique, we create su-
perconducting joints with very low loss at microwave fre-
quency. In Sec. 2, we quantify the loss of the resulting
joint by fabricating bump-bonded indium stripline res-
onators and measuring their internal quality factors. In
Sec. 3 we apply this indium bump-bonding technique
to realize high quality micromachined cavities and show
devices with low-power quality factor of over 300 million.
II. ULTRA-LOW LOSS JOINTS WITH INDIUM
BUMP BONDING
Building superconducting cavities requires joining to-
gether at least two different parts. However, the seam at
the joint may limit the coherence of a cavity resonator.
In an ideal joint, the contact surfaces participating in
the seam would be identical to the bulk material that
comprises the remainder of the cavity; there would be no
extra loss associated with the seam. In a realistic joint,
imperfections such as lattice defects, metal oxides, or or-
ganic residue on the surfaces can reduce the electrical
conductivity across seam and degrade the quality of the
resonator. The loss of the seam can be quantified with
the following phenomenological model from [10]:
1
Qseam
=
1
gseam
×
∫
seam
|~Js × lˆ|2dl
ω
∫
tot
µ| ~H|2dV ≡
1
gseam
× yseam, (1)
where lˆ is a unit vector along the seam, and the integral
in the denominator is taken over the entire volume of
the mode. The conductance per unit length gseam is an
empirical value, and the admittance per unit length yseam
is a geometric factor that can be calculated analytically
or numerically.
Previous studies [10] have shown that seam loss can
be dominant in a cavity, depending on cavity geometry
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2and location as well as quality of the seam, as shown in
Fig. 1(c). Series A (black circles, data taken from [10])
represents the TE110 modes of a set of rectangular cavity
resonators machined out of bulk 6061 aluminum. Each
device is nominally identical, except for the location of its
seam. The different seam positions result in different val-
ues of yseam, with higher yseam corresponding to lower Q.
The internal quality factors of these devices lie on a di-
agonal line corresponding to a gseam ≈ 103 /(Ωm). Since
the geometries of the devices are nominally identical, the
energy participation in other loss mechanisms remains
fixed while the yseam varies. This is consistent with their
Q’s being limited by the seam loss. For micromachined
superconducting cavities made by bonding two wafers to-
gether, the location of the joint is at the worst location for
the fundamental mode, with yseam ≈ 1/(Ωm). In order
to improve its coherence time, it is therefore necessary to
increase the gseam by developing better joints.
An ideal joint would have both low electrical loss at mi-
crowave frequencies and mechanical stability at cryogenic
temperatures. Indium bump bonding is an established
method that has been used in the field of cryogenic detec-
tors [12], and has several properties that make it a good
candidate for an ultra-low loss joint for superconducting
quantum computing applications. Indium cold welds to
itself and is not brittle at cryogenic temperatures [13],
allowing for room-temperature bonding which remains
robust even with thermal cycling to milli-Kelvin tem-
peratures. Additionally, indium superconducts at 3.4 K
and can thus form low-loss bonds. Finally, it is compat-
ible with standard lithographic techniques, enabling the
adaptation of existing approaches for scaling up quan-
tum circuits. Recently, indium bonding has been used
for chip hybridization and interconnections [8, 14–16]. In
this work, we optimize the existing bonding technique to
attain ultra-low loss joints in the microwave frequency
range.
We fabricate indium bumps using a variant of the stan-
dard process (see supplement for more details). Pho-
tolithography is used to lift off thermally evaporated in-
dium, forming approximately 15µm × 15µm × 10µm
bumps (see inset in Fig. 1(b)). For the other side of
the joint, we leave a uniform layer of evaporated indium.
Before bonding, we treat both chips with a plasma sur-
face treatment in order to remove oxide and passivate the
surface. Finally, we bond the two chips in a commercial
wafer bonder at room temperature.
In order to characterize the quality of the resulting
joint, we create indium stripline resonators in multiple
sections connected by varying numbers of bump bonds
(see Fig. 1(a)). By varying the number of bumps, we
can change the yseam of the devices. The highest yseam is
achieved when there are the maximum number of bumps
given fabrication constraints (see Fig. 1(b)). These de-
vices can attain much higher yseam than micromachined
cavities without too much of a decrease in Q, allowing us
to place a tighter lower bound on gseam. A control device
is also created by placing the entire stripline on one chip,
which is still bonded to the second chip by the mechani-
cal support bumps on the edge. Since such a device has
no seam at all, its yseam should be precisely 0.
We measure the stripline resonators in a multiplexed
package in hanger configuration at the base of a dilution
refrigerator, with temperature around 15 mK [17]. Series
C (blue diamonds) in Fig. 1(c) represents these devices.
A shaded blue band is drawn around the control device
with width set by normal variation between devices. We
note that most of the devices lie within this band, ex-
cept for two with lower Q, which could be caused by
some imperfection in the device or the bond. This indi-
cates that the measured Q factors of the bump-bonded
resonators are not limited by the seam loss and are in-
stead limited by other mechanisms, such as dielectric or
conductor losses. With these data we can place a lower
bound on gseam ≥ 2×1010/(Ωm), which is representative
of the distribution of several points around our highest
yseam. A seam with such a conductance would enable a
micromachined cavity to have Q of 1-10 billion, depend-
ing on depth.
III. HIGH-QUALITY SUPERCONDUCTING
MICROMACHINED CAVITIES
The high-quality indium joint can be applied to en-
hance the lifetime of a superconducting cavity resonator.
In this section, we apply the indium bump bonding tech-
nique described in the previous section to construct high-
quality micromachined cavities. The cavities are com-
posed of two silicon chips that are metallized with 1.2µm
of thermally evaporated indium (Fig. 2a). The bottom
chip contains a rectangular recess area made using a
potassium hydroxide anisotropic silicon etch, resulting in
a 54.7◦ sidewall (Fig. 2b). The top chip is patterned with
a coupling aperture for measurement (inset in Fig. 2a).
In order to improve the seam quality, indium bump ar-
rays are fabricated along the contact region on the top
chip (dashed line on the top chip in Fig. 2a). The two
chips are bonded together with a commercial wafer bon-
der with a force of 2 kN in ambient conditions to form
a micromachined cavity, which is mounted on a sample
holder to be measured in a reflection configuration (see
supplementary materials for more details).
The internal loss of the micromachined cavity consists
of the conductive loss of the indium, the dielectric loss of
the indium oxide, and the loss from the seam formed at
the contact of the two chips
1
Qint
=
αRs
ωµ0λ0
+ pdiel tan δ +
yseam
gseam
. (2)
Here, ω is the frequency of the cavity resonance, µ0 is the
vacuum permeability, and λ0 is the penetration depth of
indium. The kinetic inductance fraction α, the surface
dielectric participation ratio pdiel, and the seam admit-
tance per unit length yseam are geometrical parameters
that can be calculated analytically or numerically. The
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FIG. 1. (a) Schematic of the bump-bonded stripline resonator. The two chips are depicted separately, with sapphire in teal and
indium in blue. The multi-section stripline is visible, with bumps on the daughter chip making the connections. Additionally,
mechanical support bumps can be seen on the edges of the stripline. (b) False-colored optical micrograph of the daughter chip,
with the interrupted stripline together with the bumps visible. The inset shows an SEM image of a bump. (c) Plot of measured
internal Q vs simulated yseam for three series of devices. Dashed diagonal lines are lines of constant gseam. Series A (black
circles) represents TE101 modes of traditionally machined aluminum 6061 cavities with seams placed in varying locations. The
arrow indicates that that device has a yseam of nominally 0, although machining imprecision can give it a non-zero yseam. Series
B (red squares) represents micromachined cavities of differing depths. Although the points seem to lie along a line of constant
gseam, we note that several other loss mechanisms (metal-air interface, conductor loss) scale with depth in the same way as
yseam, meaning that the cavity could be limited by any or several of these mechanisms. Series C (blue diamonds) represents
the bump-bonded stripline resonators, with varying numbers of bumps. The blue band is drawn around a control device, with
width indicating normal device-to-device variation. The blue line of gseam = 2 × 1010/(Ωm) is a lower bound on the seam
conductance that is representative of the several devices with very large seam admittance.
surface resistance Rs of the superconductor, the loss tan-
gent tan δ of the surface dielectric, and the seam conduc-
tance per unit length gseam represent the intrinsic loss of
each respective loss mechanism.
For the TE110 mode of the micromachined cavity, we
observe that the internal quality factor increases linearly
with d, as shown in Fig. 2(d). However, for this mode α,
pdiel, and yseam are all inversely proportional to the depth
of the cavity d. Therefore, we cannot determine which
loss mechanisms are dominant based on this set of mea-
surements. Nevertheless, by attributing the total loss to a
single loss mechanism, we can place bounds on the corre-
sponding intrinsic loss, which gives Rs ≤ 261 nΩ, tan δ ≤
1.2 × 10−2, and gseam ≥ 3.4 × 108 /(Ωm). The highest
internal quality factor we have achieved in this study is
3.4 × 108 with cavity depth d = 1.5 mm. The lifetimes
of these cavities are independent of whether a phase-
sensitive heterodyne measurement (Fig. 2(e)) or a phase-
insensitive power ringdown measurement (Fig. 2(f)) is
used, i.e., T ∗2 ' 2T1. No apparent degradation in inter-
nal quality factor has been observed after the samples
have been exposed to air for over 3 months.
As in other 3D superconducting cavity resonators, the
internal quality factors (Qint) of the micromachined cav-
ities depend very weakly on the average photon number
(n). We observed an increase of less than 60% from sev-
eral to 10 billion photons (see Fig. 3(a)). This represents
a marked difference from coplanar waveguide (CPW) res-
onators, the internal quality factors of which typically
increase by more than a factor of two from one to 105
photons [18–21], at which point the increase becomes
saturated by the power-independent losses. This power-
dependent behavior of the internal quality factor of su-
perconducting microwave resonators is generally believed
to be caused by the saturation of the two-level system
(TLS) dissipators by the electric field of the resonator.
These TLS’s are believed to be hosted by the surface di-
electrics of the resonator [18, 22]. The resulting power-
and temperature-dependent surface dielectric loss tan-
gent is given by
tan δTLS = tan δ
0
TLS
tanh
(
~ω
2kBT
)
√
1 + nnc
, (3)
where kB is the Boltzmann constant and tan δ
0
TLS is the
loss tangent of the TLS dissipators at zero temperature
and zero electric field. The critical photon number nc is
4FIG. 2. (a) The top chip and the bottom chip of a micromachined cavity before bonding, the dashed line on the top chip
indicates the location of the indium bumps, the inset is the optical micrograph of the coupling aperture on the top chip. (b) Side
wall of the bottom chip. (c) Electron micrograph of the indium bumps. (d) Internal quality factor of micromachined cavities
with cavity depth equal to 100µm (blue), 300µm (orange), 650µm (green), 900µm (red), 1200µm (purple), and 1500µm
(brown). Squares (circles) represent devices from batch 1 (2). Opened and filled symbols represent data from two cooldowns
that are separated by more than 3 months. Solid line is a linear fit for devices from batch 2 (e) Transmission spectrum of a
micromachined cavity with d = 1500µm at 4 photons (blue) and 1010 photons (black). (f) Power decay measurements data
(blue) and the exponential fit (red).
the minimum number of photons required to saturate the
TLS loss. For typical aluminum CPW resonators, nc '
500 [19, 23], which is determined by the properties of the
TLS’s in the hosted material as well as the electric field-
weighted mode volume of the resonance V Eeff. Assuming
that the dipole moment and the coherence time of the
TLS’s remain unchanged, nc ∝ V Eeff/ω. We note that
the mode volume of a micromachined cavity is several
million times larger than that of a CPW resonator. As
shown in Fig. 3(a), Qint of the micromachined cavities
starts to increase around 109 photons, i.e., nc ' 109.
Therefore, the ratio nc/V
E
eff is about the same for CPW
resonators and micromachined cavities, suggesting that
the TLS properties are similar for aluminum and indium
surfaces.
In addition, the TLS dissipators can be saturated by
thermal excitations, as can be seen in Eq.(3). As the
temperature increases, the Qint of the micromachined
cavities rises and is maximized at T ' 500 mK, then
drops due to the increase of broken Cooper pairs, (see
Fig. 3(b)). This temperature-dependent behavior indi-
cates that TLS loss is one of the dominant loss chan-
nels in these cavities. Assuming the TLS dissipators are
homogeneously distributed within a thin dielectric layer
on the surface of the micromachined cavities, the inter-
nal loss of the cavities can be expressed as the sum of
the temperature-independent loss and the temperature-
dependent TLS loss via
1
Qint
=
1
Qint,0
+ pdiel tan δ
0
TLS tanh
(
~ω
2kBT
)
, (4)
here we consider n  nc and T  Tc, with the su-
perconducting transition temperature Tc = 3.4 K for in-
dium. The solid curves in Fig. 3(b) are the fit with E.q.
(4) assuming a 3 nm-thick dielectric layer with r = 10,
which gives tan δ0TLS = (5.6± 1.6) × 10−3 on the in-
dium surface. This is similar to the loss tangent of the
TLS dissipators found on aluminum oxide, which have
tan δ0TLS ' 1.0× 10−3 [18, 24].
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FIG. 3. (a) Power dependence of the internal quality factors of micromachined cavities. (b) Temperature dependence of the
internal quality factors of micromachined cavities. The solid curves are the fit with TLS model (E.q. (3)) for data below
500 mK. Both figures share the same symbol and color codes used in Fig. 2(d)
IV. CONCLUSION AND PERSPECTIVES
In this work, we have demonstrated techniques to
fabricate and characterize high-quality superconducting
joints. We have used the bump-bonding technique to con-
struct high quality indium micromachined cavities using
industry standard techniques that do not require manual
assembly and is fully compatible with existing Joseph-
son junction fabrication processes. We have achieved a
low-power internal quality factor of over 300 million cor-
responding to an intrinsic T1 approaching 5 ms, which
is comparable to the performance of conventionally ma-
chined cavities used for quantum memories in cQED.
This result together with the ability to make low-loss
joints shows that indium is a good superconductor for
making high-quality quantum circuits. Integration of
a micromachined cavity with a qubit has been demon-
strated [11]; by applying the techniques developed here
we can improve the lifetime of a MMIQC-based quantum
memory to the millisecond level.
The desire to build 3D cavities either to serve as quan-
tum memories or to provide electromagnetic shielding
highlights the fact that seam losses are very important
for the 3D integration of quantum circuits. Since the
scaling of superconducting circuits for quantum infor-
mation processing will likely require multilayer circuits
and interconnects [8, 11], the improved performance of
the superconducting joints demonstrated here can be a
key enabler for enhancing coherence in a wide range of
devices. It also allows the realization of low-loss compact
multilayer circuits including flip-chip resonators and
lumped-element microwave networks. This work thus
provides an important step towards building a more
complicated MMIQC while improving its performance.
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Supplementary Materials: High coherence superconducting microwave cavities with
indium bump bonding
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I. FABRICATION AND MEASUREMENT OF
MICROMACHINED CAVITIES
The fabrication process of the micromachined cavity is
a modification of the process described in the supplement
of [1] and is shown in Fig. S1. This consists of three main
steps: fabrication of the bottom chip, fabrication of the
top chip, and flip-chip bonding. The fabrication of the
bottom chip is depicted on Fig. S1(a) through Fig. S1(e).
A layer of 300 nm-thick silicon nitride is first deposited
on the (100) plane of a silicon substrate with plasma en-
hanced chemical vapor deposition (PECVD) (Fig. S1(a)).
Then, the silicon nitride layer is patterned by etching
with CHF3/O2 reactive ion etch (RIE) through a pho-
tolithographic mask (Fig. S1(b) and (c)). A cavity is
formed into the silicon wafer by a potassium hydroxide
(KOH) anisotropic etch with the patterned silicon nitride
layer as a mask (Fig. S1(d)). After the KOH etch, the
silicon nitride mask is removed and a layer of 1.2µm
of indium is thermally evaporated on the bottom chip
(Fig. S1(e)).
The fabrication process of the top chip is depicted on
Fig. S1(f) through Fig. S1(j). First, a coupling aperture
is patterned on a solvent-cleaned silicon substrate using
photolithography (Fig. S1(f) and (g)). Then, a layer of
1.2µm-thick indium is deposited and lifted off to form the
top of the micromachined cavity (Fig. S1(h)). In order
to improve the quality of the joint between the two parts
of the cavity, an array of indium bumps is photolitho-
graphically patterned on top of the existing indium layer
(Fig. S1(i)). Argon ion milling is applied in high vacuum
to remove the indium oxide on the exposed indium sur-
face. Then, 8µm of indium is deposited without breaking
vacuum and subsequently lifted off to form the indium
bumps (Fig. S1(j)).
Finally, the flip-chip bonding process is depicted in
Fig. S1(k) and (l). The indium surfaces of the top and
bottom chips are treated with an atmospheric plasma
surface treatment (OES Ontos7) comprising mixed he-
lium, nitrogen, and hydrogen immediately prior to bond-
ing (Fig. S1(k)). The two chips are then bonded together
at ambient conditions at 2 kN with a dedicated flip-chip
wafer bonder (Fig. S1(l)).
After fabrication, the micromachined cavity is
∗ These authors contributed equally to this work.;
chanu.lei@yale.edu, lev.krayzman@yale.edu
† robert.schoelkopf@yale.edu
mounted to a sample holder for measurement in reflec-
tion. As shown in Fig. S2, the sample holder contains
an SMA connector with a pin which couples to the mi-
cromachined cavity through its coupling aperture. The
length of the coupling pin is designed to attain critical
coupling to the TE101 mode of the micromachined cavity
in order to obtain a maximum signal-to-noise ratio. The
sample is mounted on the base stage of a cryogen-free di-
lution refrigerator and shielded with Cryoperm magnetic
shielding. The input microwave signal passes through
20 dB and 30 dB attenuators on the 4 K stage and the
base stage of the dilution refrigerator, respectively, in
order to reduce thermal noise. The signal then enters
the −10 dB coupling port of a directional coupler and is
directed to the input port of the sample. The input mi-
crowave signal is reflected from the sample, 90% of the
reflected signal is transmitted through the transmitted
port of the directional coupler, then passes through two
isolators at 20 mK and is amplified by a cryogenic HEMT
amplifier at 4 K. The resulting output signal is further
amplified with a room-temperature low noise amplifier
for analysis.
II. ENERGY LOSS IN MICROMACHINED
CAVITIES
The reciprocal of the internal quality factor is defined
as the fraction of the total energy lost per cycle. The
total loss can be expressed as the sum over the different
loss channels via
1
Qint
=
Pdiss
ωUtot
=
∑
i
Pdiss,i
ωUtot
=
∑
i
pi
qi
, (S1)
where pi is the energy participation ratio and qi–the qual-
ity factor of the loss channel i. The energy participation
ratio is the fraction of the total energy stored in the loss
element i. This depends on the geometry of loss chan-
nel i and the mode shape of the resonator. The quality
factor is determined by the loss properties of the mate-
rial of i. For the micromachined cavity, the losses are
dominated by three loss channels: conductive loss in the
superconductor, dielectric loss in the very thin layer of
dielectric material on cavity surface, and loss from the
current flow across the seam formed by the joint between
the two parts of the cavity.
In the following, we will focus our discussion on the
participation ratios and the material quality factors as-
sociated with these three type of losses for the TE101
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2FIG. S1. Fabrication process of the micromachined cavity. (a) A layer of 300 nm-thick silicon nitride is grown with PECVD
on the (100) surface of a silicon substrate for the bottom chip. (b) The silicon nitride layer is photolithographically patterned.
(c) The pattern is transferred to the silicon nitride by CHF3/O2 RIE. The photoresist is removed after the etch. (d) Using
the patterned silicon nitride as a mask, a recess area is created in the silicon chip using an anisotropic KOH etch. (e) After
removing the silicon nitride with CHF3/O2 RIE, 1.2µm of indium is thermally evaporated on the bottom chip. (f) The silicon
wafer for the top chip fabrication is solvent cleaned. (g) The coupling aperture is photolithographically patterned. (h) A 1.2µm
film of indium is deposited and lifted off. (i) The array of indium bumps is photolithographically patterned. (j) The indium
oxide on the exposed indium layer is removed with argon ion milling, then 8µm of indium is deposited and lifted off to form
the indium bumps. (k) A downstream atmospheric plasma process of mixed helium, nitrogen, and hydrogen is applied to the
surface of of both chips in order to remove the oxide and passivate the surfaces. (l) The two chips are bonded with a flip-chip
wafer bonder at 2 kN (effective pressure of several hundred MPa) to form the micromachined cavity.
mode of a rectangular cavity. The electromagnetic fields
of the TE101 resonance of a rectangular cavity (with lat-
eral dimensions a, b, and thickness d) are
Ez = E0 sin
(pix
a
)
sin
(piz
b
)
, (S2)
Hx = −ipiE0
kηb
sin
(pix
a
)
cos
(piz
b
)
, (S3)
Hy = i
piE0
kηa
cos
(pix
a
)
sin
(piz
b
)
, (S4)
where η =
√
µ0
0
, k = ωc =
√(
pi
a
)2
+
(
pi
b
)2
. Given the
electromagnetic fields of the cavity resonance, the par-
ticipation factors of the loss channels can be calculated.
For a micromachined cavity, the lateral dimensions a
and b are much larger than the thickness d, giving the
participation factor of the conductive loss as
pcond =
λ
∫
surf
∣∣∣ ~H‖∣∣∣2 dσ∫
vol
∣∣∣ ~H∣∣∣2 dv =
ωµ0λ
η
2pi2
k3
(
1
b2
+
1
a2
)
1
d
,
(S5)
where λ is the penetration depth of the superconduc-
tor. The corresponding material quality factor qcond =
Xs/Rs = ωµ0λ/Rs is the ratio of the surface reactance
to the surface resistance of the superconductor.
The participation factor of the surface dielectric loss is
psurf =
tox
∫
surf

∣∣∣ ~E∣∣∣2 dσ∫
vol

∣∣∣ ~E∣∣∣2 dv =
2tox
r
1
d
, (S6)
where tox is the thickness of the surface dielectric ma-
3FIG. S2. (a) photograph of a sample holder and a micromachined cavity before mounting. (b) A schematic diagram of the
cross section of a micromachined cavity mounted on a sample holder. The sample holder is made out of OFHC copper, whose
inner surface is covered with 10µm of indium. The coupling to the resonances in the micromachined cavity can be controlled
by the length of the pin connected to the SMA connector.
terial, which is assumed to be 3 nm in this work. The
corresponding material quality factor qsurf = 1/ tan δ is
the reciprocal of the loss tangent of the surface dielectric
material.
For the seam loss, the participation of the loss channel
is quantified by the seam admittance per unit length,
which is
yseam =
∫
seam
∣∣∣ ~Jsurf,⊥∣∣∣2 dl
ωµ0
∫
vol
∣∣∣ ~H∣∣∣2 dv =
4pi2
ηk3
(
1
b3
+
1
a3
)
1
d
, (S7)
and the quality of the seam is quantified by the seam
conductance per unit length gseam.
Since the conductive loss, the surface dielectric loss,
and the seam loss are all proportional to the reciprocal
of the cavity thickness, the linear fit in Fig. 2(e) in
the main text can only permit the extraction of the
upper bounds for Rs and tan δ and the lower bound for
gseam, which gives Rs ≤ 261 nΩ, tan δ ≤ 1.2× 10−2, and
gseam ≥ 3.4× 108 1/(Ωm).
III. EXTRACTING CRITICAL TEMPERATURE
AND PENETRATION DEPTH WITH
MATTIS-BARDEEN THEORY
We extract the critical temperature and penetration
depth of the indium film forming the micromachined cav-
ity by fitting the frequency of the resonant mode to the
Mattis-Bardeen model [2]. We follow the method of [3],
described in more detail in section 5.1.5 of [4]; see also
[5–8].
First, we numerically calculate the superconducting
gap as a function of temperature (in units of Tc) for in-
dium, noting that this is not strongly dependent on the
Debye temperature of the material. This is given by the
equation
1
N(0)V
=
∫ 1
0
tanh
(
1
2τ
√
ξ2(2κ)2 + δ2r2
)
√
ξ2 + δ2r2/(2κ)2
dξ,
where N(0) is the number of Cooper pairs at zero tem-
perature, V is the BCS pairing potential, τ and δ are
the temperature scaled to Tc and gap scaled to its zero-
temperature value ∆(0), respectively, κ = ΘD2Tc , and
r = pieγ =
∆(0)
kBTc
≈ 1.76. The low-temperature limit
gives 1N(0)V = log
(
4κ
r
)
, assuming κ  r, which allows
the above to be solved numerically. We then use the
result to compute a table of the complex conductivity
σ1(ω, T ) − iσ2(ω, T ) as given by Mattis-Bardeen. From
this, we can calculate the surface impedance ZS of the
film. The surface resistance RS = <(ZS) changes the Q
of the mode and the surface reactance XS = =(ZS) shifts
the resonant frequency via
Zs = Xs + iRs =
ωµ0λ
pcond
(
1
Qcond
+ 2i
δf
f
)
, (S8)
where Qcond is the quality factor due only to conductor
losses. We can fit the frequency shift and the internal Q
as functions of temperature to the model with two free
parameters that scale the curve in the x and y directions.
The x scaling gives a value of Tc, while the y scaling al-
lows us to extract pcond. From pcond, we can obtain λ by
calculating the integrals in Eq. S5. The Q fit has an ad-
ditional parameter, Q0, that represents the temperature
independent part of the total loss.
The frequency and Q fits of the temperature for our
deepest cavity (d = 1490µm) are plotted in Fig. S3 (fit-
ted separately). At higher temperatures, the resonator
was too undercoupled to measure and we were not able
to obtain data near Tc. As a result, Tc and pcond are
not very well constrained by the fit. While our model
4TABLE S1. Tc and λ extracted from both frequency and Q
fits in both the local and extreme anomalous regimes. Errors
reported are the fit errors.
Fit, limit Tc (K) λ (nm)
Frequency, local 3.29± 0.01 32.35± 0.66
Frequency, anomalous 3.17± 0.01 42.98± 0.72
Q, local 3.35± 0.03 51.80± 2.44
Q, anomalous 3.24± 0.04 67.92± 4.01
fits frequency (solid line in Fig. S3) and Q (dashed line
in Fig. S3) well individually, the two fits result in in-
consistent Tc and pcond. In addition, we cannot deter-
mine whether our data fits better to a model in the local
or dirty limit or to a model in the extreme anomalous
or clean limit of the superconductor. Possible reasons
include temperature dependence in other parts of the
system, e.g. the seam, or changing transition between
anomalous or clean and local or dirty limits of the super-
conductor with temperature, which is not captured by
the model. We thus report results from both frequency
and Qint fits, in both local and extreme anomalous limits
(see Table S1). We obtain a penetration depth λ between
32–68 nm and a Tc between 3.17–3.35 K. The penetra-
tion depth is comparable to that of aluminum [3] and the
critical temperature is close to the known value of 3.4 K,
indicating the suitability of our indium for high quality
superconducting circuits.
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5FIG. S3. Plot of fits of the resonant frequency (left) and internal quality factor (right) as a function of temperature of a
micromachined cavity of depth 1490 µm. The solid line uses parameters extracted from the frequency fit and the dashed line
uses parameters extracted from the Q fit. The fit is obtained using the Mattis-Bardeen result. Note that for the quality factor
fit, the lower-temperature values are explained by a temperature-independent Qint,0 and the temperature-dependent TLS losses
(see Fig. 3(b) in the main text), we thus fit Qint for T > 700 mK. The frequency fit has two free parameters: Tc and pcond,
which correspond to scaling in the x and y directions, respectively. The Q fit has Q0 as an additional parameter. The fits
presented here assume the local limit of the superconductor; we do not present plots of the fits in the extreme anomalous limit
as they would be indistinguishable from these. We extract Tc between 3.2 and 3.4 K and λ between 32 and 68 nm.
